ABSTRACT. This work studies the selective nucleation of InAs within nanoholes on GaAs (001) substrates patterned by atomic force microscopy local oxidation. The effects of substrate temperature and As 4 overpressure during InAs deposition directly on the patterned substrate (without GaAs buffer layer) are considered. It is found that when InAs is deposited at substrate temperature of 510ºC under low As 4 overpressure, a single InAs quantum dot per nanohole is obtained for a broad range of sizes of pattern motifs. The use of these InAs quantum dots as seed nuclei for vertical stacking of optically active single InAs site-controlled quantum dots is investigated.
The capability to systematically address individual nanostructures is an important technological goal towards the scalable fabrication of novel devices that exploit single nanostructure properties 1 . Using semiconductor quantum dots (QDs) as sources of quantum light states, such as single photon sources or entangled photon pair sources, integrated in photonic circuits is a promising pathway for the implementation of quantum communication and quantum computation schemes at the microscale 2 . Among other semiconductor systems, InAs/GaAs system has been widely studied because of the high quality QDs obtained by epitaxial StranskiKrastanov self-assembled processes. One limiting feature of the self-assembled process is the lack of control of the location of the nanostructures. In this the sense, the growth of InAs QDs on patterned substrates has emerged as a powerful strategy 3 , being currently a research topic of increasing interest. Nanoholes patterned on a flat substrate surface define preferential InAs nucleation positions, which are associated with local minimums of the surface chemical potential at the bottom of each nanohole. Different lithographic techniques have been demonstrated as suitable for the fabrication of nanohole patterned substrates, including e-beam lithography [4] [5] [6] , nanoimprint lithography 7 or laser interference lithography 8 . Other techniques such as focus ion beam (FIB) patterning 9 and atomic force microscopy (AFM) oxidation lithography [10] [11] [12] have also been developed.
It is remarkable the great improvements on the optical quality of positioned InAs nanostructures achieved in recent years [13] [14] [15] [16] demonstrating site-controlled InAs QDs that match the optical properties of self-assembled InAs QDs with a yield of ~20% 15 . Nevertheless, a deeper knowledge of the nucleation process of InAs on patterned substrates is still needed. A better understanding of the growth kinetics could enable the development of high optical quality sitecontrolled quantum dots (SCQDs) fabrication processes with improved throughput.
In this work, we use GaAs (001) patterned substrates fabricated by AFM local oxidation lithography as templates for growth of site-controlled InAs QDs. This lithography technique has been demonstrated as a powerful tool for substrate patterning [10] [11] [12] . It provides high positioning accuracy and it is very promising in novel strategies for deterministic integration of single nanostructures in photonic cavities 17, 18 for future quantum information applications. Here, we report on the influence of two main parameters during growth by molecular beam epitaxy (MBE), namely substrate temperature and As 4 overpressure, on the InAs nucleation process within patterned nanoholes. The study focuses on the number of InAs QDs obtained per pattern site and nucleation kinetics. It is found that high substrate temperature prevents the formation of InAs 3D nuclei within nanoholes due to changes in In incorporation and that, interestingly, nanohole occupancy is affected by the As 4 overpressure conditions. Single InAs QD nucleation within the nanoholes is achieved under low As 4 flux conditions at substrate temperature (T S ) of 510 ºC in a wide range of pattern site dimensions, in contrast with multiple InAs QD nucleation observed when higher As 4 flux is employed.
Experimental details
The samples were grown on epitaxial GaAs (001) substrates, consisting of 500 nm thick GaAs layers grown on epi-ready commercial substrates by MBE at a growth rate (r g ) of Ga of 1ML/s, T s =580 ºC and V/III flux ratio equal to 8. Epitaxial substrates are kept in nitrogen atmosphere until the pattern fabrication in order to preserve the GaAs surface.
Patterning of the GaAs(001) substrates was performed by AFM local oxidation lithography, operating a Nanotec commercial AFM system in dynamic mode in ambient conditions (RH-20-30%). n-doped Nanosensors Si AFM tips with a resistivity of 0.01-0.02 cm and tip radius of 4 ~7nm were used. The resonance frequency and force constant of the cantilevers were f=270 kHz In this work, substrate temperature is calibrated using the well-known surface GaAs reconstruction transition between a (2x4) and c(4x4) 22 . Under fixed As 4 , this reconstruction transition takes place at a known substrate temperature. In particular, we used an As 4 flux equivalent to 2ML/s of As, for which the transition is observed at T S =520ºC. The As 4 flux is calibrated on flat substrates by RHEED oscillations under Ga-rich growth conditions at low enough T S (~460ºC) for avoiding simultaneous As desorption 23 . From this point on, we will refer to As 4 fluxes in terms of their equivalence to monolayers per second (ML/s) of As on a GaAs (001) surface (F eq (As)).
The influence of T S and As 4 overpressure on InAs nucleation on patterned motifs was studied in two series of samples. In one series, a F eq (As) =2ML/s was set and three different substrate temperatures (T S =490ºC, T S =510ºC and T S =530ºC) were explored. In the other series, substrate temperature was set to T S =510ºC and three different As 4 fluxes (F eq (As) =0.5ML/s, F eq (As)=2ML/s and F eq (As)=3.5ML/s) were employed.
Morphological characterization of samples was performed by AFM using the same Nanotec setup employed for substrate patterning. Nanosensors Si AFM tips with nominal tip radius of 7 nm were employed. Photoluminescence (PL) characterization of the obtained nanostructures was performed at 4K using a diffraction limited confocal microscope inserted in a low vibration cryogen free cryostat (Attocube Attodry 1000). A 785nm continuous wave diode laser was used to excite the photoluminescence which was dispersed by a 750 mm focal length spectrometer at a resolution of ~30 μeV and detected with a cooled Si Charge Coupled Device (CCD). A XY piezo scanner was used to record scanning PL maps. clearly show the shape evolution of the nanoholes previous to InAs deposition.
Results and discussion

Effect of temperature on the nucleation of InAs on patterned surface substrate
We first look at the effect of growth temperature on the InAs nucleation. Substrate temperatures T S =490ºC, T S =510ºC and T S =530ºC, with a fixed F eq (As)=2ML/s, were studied.
Under this As 4 pressure, GaAs surface shows a c(4x4) reconstruction for T S =490ºC and T S =510ºC , while a (2x4) structure is observed for T S =530ºC. It is well known that an increase of the substrate temperature implies an increase of the apparent InAs critical thickness for QD formation on flat surfaces, i.e. an increase of the nominal quantity of InAs deposited to observe the onset of tridimensional islands formation. A decrease of In sticking coefficient with 8 temperature above T S =500ºC has been pointed out as a key factor to explain this effect 24, 25 .
Indium desorption also becomes a relevant mechanism in the considered temperature range 26 . In order to grow the same InAs material quantity, the deposition time was adjusted for each substrate temperature and set to 88% of that corresponding to the critical thickness for InAs QD formation on flat GaAs (001) surfaces, as observed by RHEED. This means an increment on the In deposition time of 13% for T S =510ºC and 51% for T S =530ºC with respect to that employed at T S =490ºC at the chosen In deposition rate (r g (In)~0.01ML/s). We have previously reported this alignment 27 and it has also been observed by other groups 16, 28 .
It is due to the preferential incorporation of In on B-type faces (As-terminated) within elongated motifs under these growth conditions. In this work, motif asymmetry results from the shape 
Effect of As 4 overpressure on the nucleation of InAs on patterned surface substrate
Next, we consider the effect of As 4 overpressure on InAs selective nucleation process for T S =510ºC. As 4 fluxes of F eq (As)=0.5ML/s, F eq (As)=2ML/s and F eq (As)=3.5ML/s were studied.
At this substrate temperature, the GaAs surface shows a (2x4) reconstruction for F eq (As)
=0.5ML/s and a c(4x4) for F eq (As)=2ML/s and F eq (As)=3.5ML/s. In this sample series, an identical InAs coverage was deposited, being equal to 88% of the critical thickness for InAs QD formation on flat GaAs(001) surfaces at T S =510ºC under F eq (As)=2ML/s, as observed by RHEED. Nanostructures grown under the different As 4 fluxes studied obtained in pattern sites of similar oxide geometry are presented in figure 3 . AFM images and the corresponding profiles Second, the high step density at the sidewalls of the hole is also key to explain the preferential nucleation of InAs at the pattern sites, as In adatoms incorporate in steps positions with high probability. Reactivity of surface steps could determine the resulting nanostructures. Preferential incorporation in B-type has been already reported 27 and leads to the formation of InAs QDs aligned along [110] direction. We consider that this is the main factor leading to the multiple QD nucleation observed in samples grown at high As 4 flux (F eq (As)=2ML/s or 3.5ML/s) for T S =490ºC and 510ºC. InAs nucleation at low As 4 flux (F eq (As)=0.5ML/s) differs from higher As 4 fluxes, showing single InAs QD formation, located at the bottom of the nanohole. This suggests that the balance between geometry and reactivity of the steps within the nanohole has changed.
The rate of In adatoms net flux on B-type (As terminated) and A-type (Ga terminated) facets within the nanohole is expected to change with As 4 flux 32 . We think that this dependence of In atoms incorporation on As 4 pressure could be related with the observed changes on InAs nucleation. Nevertheless, a more detailed study is necessary for a full understanding of this result.
Occupation statistics for the samples grown under different As 4 conditions is presented in figure 4 . Figure 4a shows the probability (%) of obtaining different QD count per pattern site (n=0,1,2,3,4,5) for the three different As 4 overpressures over the large set of fabricated oxide motifs for this work, which includes motifs with oxide radius (r ox ) in the range r ox =50-120nm. Figure 4b shows the QD count statistics in a bar plot of three subsets of pattern motifs (r ox =70-80nm, r ox =80-90nm and r ox =90-100nm) for the three different As 4 overpressures under study.
Results plotted on Figure 4 show , on one hand, a clear trend towards single QD occupancy (n=1) when As 4 overpressure decreases and, on the other hand, that high n values become more likely for high As 4 flux. Moreover, for the lower As 4 pressure studied (F eq (As) = 0.5ML/s) single QD occupancy is obtained for the whole range of pattern motif sizes considered on figure 4b.
These results demonstrate that the control of the growth kinetics by adjusting the growth parameters during InAs deposition on a patterned substrate leads to the control of the occupation statistics of the InAs QDs formed at the pattern sites.
Zallo et al. have reported on the effect of As rate on the occupancy for nanoholes obtained by droplet epitaxy after growing a thin GaAs buffer layer (10nm) 34 . In that case, the As conditions modify the growth of the buffer layer, and, therefore, the nanohole shape, which results in a shift of the occupation statistics towards single occupancy with increasing As 4 flux, the opposite effect that we observe here. However in the samples presented in this work no buffer layer is grown, all pattern nanoholes undergo the same treatment before InAs growth and no modification in the nanohole geometry is expected; thus, the transition to single QD nucleation should be attributed to modifications on the growth kinetics under low As 4 flux. In this sense, although the reported analysis has been performed on 2µm pitch patterns, it is expected that the result will be valid for different pattern pitch periods. When the pattern pitch is modified, the size of the area surrounding the nanoholes that supplies material for InAs QD nucleation also changes, although no changes in the growth kinetics within the pattern motif are expectable. So we would expect single QD nucleation under the reported growth conditions with independence of the pitch of the pattern. Only the required InAs quantity to successfully complete the single QD nucleation within the nanohole could be different and needed to be adjusted, especially for highly packed patterned substrates. conditions: F eq (As)=0.5ML/s, F eq (As)=2ML/s and F eq (As)=3.5ML/s (a). Occupation bar plot for three subsets sets of oxide motifs: r ox =70-80nm, r ox =80-90nm, and r ox =90-100nm for the three different As 4 overpressures under study (b).
Vertical stacking of InAs nanostructures
The nanostructures grown right on the patterned surface substrate (re-growth interface), as the ones studied above, are expected to be optically inactive 21, 33 . In this sense, it is mandatory to evaluate their capability for being employed as seed nuclei for vertical stacking of optically active nanostructures 14, 33 . With the aim of studying the vertical stacking of InAs nanostructures 15 and evaluating the optical activity of InAs site-controlled QDs, additional samples were grown.
Once the first layer (seed layer) of InAs SCQDs is completed, a GaAs spacer layer is grown and a second InAs layer is deposited, using identical growth parameters as those used at the SCQDs seed layer. These samples were grown at T S =510ºC under two different As overpressures (F eq (As)=0.5ML/s and F eq (As)=2ML/s) and with a GaAs spacer layer thickness of 15nm and 20
nm. Samples for optical investigation were capped with 125nm thick GaAs layer AFM morphological characterization of samples with a 15nm thick GaAs spacer layer is presented in figure 5 . AFM images of the InAs QD seed layer (figure 5a for F eq (As)=0.5ML/s and 5b for F eq (As)=2ML/s) and the InAs QD stacked layer (figure 5c for F eq (As)=0.5ML/s and 5d for F eq (As)=2ML/s) are shown. Corresponding plots of QD count per pattern site (n=0, 1, 2,
3) for the InAs QD stacked layer are sown in figure 5e and figure 5f. grown at T S =510º and F eq (As)=0.5ML/s or F eq (As)=2ML/s, respectively, with a 15nm thick GaAs spacer layer. Same color scale is used for the four images. Plot of percentage QD number count per pattern site in the InAs QD stacked layer for both As 4 overpressure growth conditions:
F eq (As)=0.5ML/s (e) and F eq (As)=2ML/s (f). patterned by e-beam lithography 16 . Postgrowth annealing is also reported to be a method to modify structural properties of InAs nanostructures grown on patterned substrates and improve single dot occupancy ratio 28 . In the case of InAs QDs grown on GaAs substrates patterned by AFM local oxidation, a fine control of the oxide motif lateral dimensions enables to fabricate single InAs QD or InAs multiple QDs lateral arrangements 27 . In this context, the results presented in this work clearly show that growth parameters (critically As 4 overpressure) are also relevant to control QD number occupation. We have obtained that single dot occupancy can be 20 achieved in pattern sites without buffer layer with lateral dimensions up to r ox =120nm when the suitable InAs growth parameters are used (T S =510º and F eq (As)=0.5ML/s). The QD nucleated at the patterned surface can be used as seed layer for an optically active QD grown on top, reproducing the single dot array display. This result provides a robust growth protocol to obtain single site-controlled InAs QDs on patterned substrates.
Conclusion
In conclusion, we have studied how the substrate temperature and As 4 
